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ABSTRACT

An equation has been developed for a generélized transistor amplifier
network, expressing the relationship that must be maintained between cir-
cuit elements and the transistor small-signal parameters for minimum gain
variations over wide temperature ranges. Employing a single-stage common-
emitter amplifier with collector-to-base feedback and various degrees of
mismatch relative to the design criteria, the relationship was checked
from =50 to +90° C at 10, 100, and 500 kc. Results show that considerable
improvement in gain stability can be obtained in going from the unmatched
to matched condition, but with some reduction in the overall gain, the
loss bzing dependent on the relative magniftude of the generator and tran=~
sistor input impedances,

The normalized gain variations were reduced from a maximum of 18 db
to less than 2 db over the temperature range.

1. INTRODUCTION

One of the more perplexing problems arising with the use of transis-
tors as active elements in amplifier circuits is that of gain variations
with temperature.

Although many theoretical sfudies have been made and equations devel-
oped by various investigators (ref 1, 2) that indicate the temperature
dependence of the intrinsic parameiers of a transistor and under what
conditions improvements could be expected, this temperature dependence is
inherent in the materials, vhysics, and design of ‘the device and cannot
be readily corrected without degrading other performance characteristics.
Although considerable improvement in the gain stability of transistor am-
plifiers is obtained with various temperature-compensating techniques
(ref 3-5) and devices (such as thermistors, temperature-sensitive diodes,
and degenerative feedback), the need for additional improvement still
exists. Hence, the receunt work by Schmeltzer (ref 63, showing that
additional gain stabkility can he cbiained when a given relationship is
maintained between circuit elements and the temperature-dependence small-
signal paramdiers of the transistor, is of considerable interest. His
work, unfortunately, was limited in scope to a common~emitter amplifier
circuit using an emitter resisitance as the degenerative feedback.

The preseni investigatior wag initiated fto develop a more generalized
design equation expressing the relationship that should be maintained be-
tween circuit elements and transistor parameters for minimum gain varia-
tions over wide temperature ranges and that would be valid for any network
configuration.

2. DEVELOPMENT
A general single-stage amplifier network can be represented by the

circuit shown in figure 1 wheve fthe malrix [z] represents the active
device in an unspecified configuration. ¥rom this general network, any

|
—J




Figure 1. A generalized single-stage amplifier network.'




specific amplifier circuit desired can be readily obtained by allowing

the components Za’ sz Zg, Zr’ ZL to assume values from zero to infinity

and the characteristic matrix [z] to describe the transistor configuration
@ of interest.

& To simplify the development of the overall voftage gain (A’ ), the
variation of which is to be minimized with respect to temperatu¥e changes,
the general network in figure 1 is subdivided into four subnetworks as -
indicated in figure 2. From the equations relating the currents and
voltages of the subnetworks, the terminal characteristics of each can be
obtained and, if properly combined, the overall terminal characteristics
and voltage gain equation of the general network derived.

2.1 Terminal Characteristics

Starting with the individual su:networks (A,B,C, and D), the
characteristic equations describing the terminal behavior are:

Subnetwork A

» 11 = 12 . (1)
® Vo= v, + Zg i, (2)
L]
or in matrix form
v1 r Vs ) . ‘
. = A_A_ ) (3)
1 L)
where
- . (L (+Zg) .
[AA = (4)
(0) (1)
. Eubnetwork B
. ® i = - 5
ip=(y 4 Yf) LR A (5)
1y = -Yov, + (v, + Yf) Vo (6)

[
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Subnetwork C

in matrix form

‘'where

«

Subnetwork_g

in matrix form

in matrix form

Mv. 3 il
Ve [z ]t
VzJ g
r(zll) (z),)
[2] =[ :
(z51) (255
m = Vg
V2=Z1 +ZI‘12 .
vi il

(11)

(12)

*(13)

(14)

(15)




{z2.) ((Z)

r r
Z_|=
:
[ ) ()

The subnetworks are now combined as shown in figure 3,

apparent that

g Ty =1,

@&

be expressed as

V1 . 11
cD
)

i

2 .
where .

- } (zll + Zr3 (zlz + Zh)

ZCD = ’

L (sz + Zr) (z22 + Zr)

-

the following relationships exist. o
: ino= il 447
. 1 B 1 i g
i, o= i a1’
2 ToT2 e
‘ _ v
vy = Yy F vl
. - v/ - v/l
Vo = g9 = Vg s
10 . ) . ®

L
@

Beginning with the series combination shown in figure 3a it is

Nexf, With the parallel combination of subnetworks B and CD (fig 3b),

-

(17)

(18)

(19)

(20)

and if the indicated operations of equations (17) and (18) are complied
with, the characteristic equations of subnetwork CD are obtained and can

(21)

(22)

(23

(24)

(25)

(26)
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Figure 3. Combination of subnetworks to form the generalized network.

»

a. Series combination of subnetworks ¢ and D.

iy i I P
vy Vi cD Vo V2
1 o
o n
'I 12
—‘-’— S
v‘l' B v% .

b. Parallel combination of subnetworks B and CD.

iI i iy i
—_— — ——— —_—
O ) < . = [
A | V! vl BCD [
Vi [ 2 Vo
o 5 —o—

C.. Cascade combination of subnetworks A and BCD.
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From the cperations indicated by equations (23) and (24), the terminal ©

equations for subnetwcrk BCD are © 2
- i ]
L] N
5 = A e
® 11 » Vl .
® .
) = [YEC];} ., s 27)
2] 2 .
where ‘(y " 1A322 + ZE“_) oy - z12 + ?{
£ 7 A7k Z_ z I A= Z =z
(Y roos r s
L BCD 221 + Zr le + Zr
T ErE ) WP ETT &
r s ‘r s
and .
Pz = oz 4
S F R O RS P (29)
“g T Py Y Eyp T Eyg 7 2y (30)
a -3
Finally, subnetw
figure 3c where the chara
expressed as .
. v1 1 Vi -
é = [AA W s (31)
L - 1 - 1
for subnetwork A, and .
’ b
Vo | .
L = | Agcp ) (32)
. 2 _J - a® "
L] & : ® »
for subnetwork BCD, Hﬁwavaryﬁﬁjrce
/ 7’ ) :
Vi = vz i (33)
* ®
and ) :
al L
.11 = JLZ (34)
L]
12
@
- O ®
. ®
L]

_J
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- ® ®
¢then G
* / /
-
Ey ] vy ] ro Va2
= = =1A A 1 5
" [AAJ i [AAJ 4 i AJ[BCDJ 1 (35)
1 1 2 e 2 o
or . ®
* ) e *
o
= V2
- H ! © (36)
Y1 2
By proper transformation, eguation (36) can be rewritten and expressed
in the form .
R
vy ‘ i )
Vo 1o
where the elements of 2 are the termingl characteristic impedences
of the generalized network: :
» 7 P
., . z11+zr+(YL+Yf) (Az+zrzS (33.)
Hoe KeKymg e Y MY 2+ e
; . le+zr + Yf(Az+ZI.;zs) (39
L2 K+KlzS + YS A,Z+Yaz11+YLzz2 _
. ZgytZy + Y (L2472 ) i : 20y
21 K+KlzS + YS Oz +‘ Yazll+YLz22 .
i ZootZL, + (Ya"'Yf) (AZ+ZrZS . (a1)
22 K+K1zS + Ys Az + Yazll+YLz22
and :
K=1 Z Y +Y 42
+Z ( 4 L) (42)
= , 4
. Ki YSZr+Yf (43)
13




TR = 2Ty T By (46)
2.2 ¥Yoltage Gair !
With the soliage gain of any system defined
v
W & out (472)
v .
in [ £5)
the overall gain of the gereralized network can be expressed as
Z, 3 VN
22
A E%LL“?T% S (47b)
k 1171 F %12te ) . - "
By assuming thas :é = 0 (fig 1), the gain expression reduces to",
Z »
21 —
A =2 TE . .
i 2 . (48
RS _ ., (48
Substituting into the above relatdion, equations (38) and (40), the
overall voltage gain is obiained as a funciion of the general network
and active. d#v;&% termiral pavame*éwc . R
L Zog#B, # ¥, Wzl z )’ (49)
, =% k+k1 Az+k22 ke z ?k4z22 ) .
(80)
(51)

&




.
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A

k =
5 Zgzr(YaYL+Yan+YfYL) + Zng+ZrYL+ZrYf (52)
kK = 1
. e 3 Yazg+ . (53)
k=Y Z @ (54)

Finally, in order to express the gain in terms of temperature dependent
transistor equivalent circuit parameters, it is necessary to substitute
for the black-box a specific transistor equivalent circuit, With com-
mon-emitter orientations predominating in amplifier circuits, further
development will be confined to the common-emitter hybrid-7T equivalent
circuit (ref 8) shown in figure 4. To simplify the development for

the terminal characteristics, in terms of the equivalent circuit
parameters, the hybrid-y representation is generalized to that’in figure
4b where

.

Z, =1 (55)

(56)

37 pic| | %re _ (57)
Z4 = rce|| ce . . a (58)
Solving the loép equations
v, = (Zl+Z2)11 +‘Z213 . (59) ,
0 = (Z'2+Z3+Z4)13 + Zzll--Z412+gm rbeZ4 (60)
V2 = Z412 - ngb,eZ4bZ413 . (61)
o 13 ; £ 3 49 -«
for v1 and v2 as functions of nganu 12 we get
v1 {11 . |
.
I 62
v LLJ \J‘L ® ( )
2 2
* .
15
[ ]
A .
e @
° = - *
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Figure 4.

Transistor equivalent circuits.




P

where

e zz(z3+z4) 63)
11 1 Z2+Z3+Z4+Zzz4gm .

Z,, = 2 - w ' (64)
12 Z2+Z3+Z4+Z2Z4gm

Zy2,(1-g 23)

z = (65)
, 2} Z2+Z3+Z4+Z2Z4gm "
7 .
Z,., = Z4( ZFZS) (66)
22 ZZ+Z3+Z4+Z2Z4gm
If the upper frequency is now limited to that below which all reactive
effects can be ignored and assuming that Tote >> Tobt? Tpre? Lo
(ref 9) the equivalent circuit will reduce to that in figure 4¢ and
the terminal parameters, in terms of the equivalent circuit parameters,
become
“11 = Topr * Tpre (67)
le =0 ) . . (6.8)
%21 ¥ pre Tce Bn - ) ce (69)
Zgg = rCe " ] {70)
Substituting the above terminal parameter equivalents into
equation (49), the overall voltage-gain is
A Zr_rb'ercegm+Yf[rce(rbb'+rb'e) t Zr(rbb'+rb'e+rce+rb'ercegm)] ) (71)

i k+(rbb""rb'e) (klrce+k3) o k4rce+k2 (rbb'+rb;é+rce+rb'ercegm)

17
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Although the gain equation is now expressed as a function of
all the cirguit and hybrid parameters
L]

#®

AV N fl (rbb" rb'e’ ‘rce’ & Za) Zf: Zg‘" Zl". ZL) (72)
L]
5 ¢ it can be assumed that . : .
. 4 (z,2.,2 ,2 ,2) =0 | ) (73)
dT "7 T g e’ .
fy o ’ . ®

Héncezwiye voltage-gain variations due to temperature are determined

by the temperature dependence of the parameters Tob'? Tpre? Tea? and
s &n and expressed as
' d , dr A Iy
dAv _ aAv rbb' . ) aAv b'e + ) v drCE"OAV dgm (74)
daT Brbb' dT, Brb'e daT or_ . dT og, dT
B
If the temperature coefficient, the change in parameter per .
degree centigrade, is defined as
. - o ;
L S . . 1 TN
d . Qi = 97 (In i) = T aT . (75@
or
’ di
= = 7
ar = 19 - (76)
then equation (74) can be rewritten
: da JA dA dA dA
= Y (r, 0 ) b (r, , 0 ) 4 (r 8 )+ (g0) (77)
dT  odr bbb or ble e or ce ¢ og ‘mm 3

bk* b'le ce m




.

Optimizing for the condition of minimum or zero gain variation with
respect to temperature,

dA
\4

— =0

aT ~
leads to the expression

BAV BAV A BA,
— (r, . 0 ) + (r, 8 4+ (r 8) +— (g6 ) =0 °
Brbb, bb' b pte DPleve arce ce ¢ og, ~mm’

Performing the indicated operation, the design criteria which must be
met for constant voltage gain with temperature (in terms of the network
and transistor equivalent circuit parameters) for a generalized common-
emitter single-stage amplifier are .

%n{ (em * ge) (Cl * C4 rce) + rbb' (ge - Qb) (C3 i Cz rce)

»

)
+ 9cclgb'e rce o (rbb’ + rb'e),( CZQM rce + C39é}

¢

N .
* Bhig i(cs *C Toe T Cq 80 (O Ty + 8 1)

J c
O, (ppr + T (Gp v Cy 4G Thre) * €

where

(1+Z Y ) (Z +Z +Z Z Y )
r L g r gra
_(YL + Yf) 1+ Y:aZg o+ YfZg)
(1 +2Y) (1+Y Z +Y.Z)
rL ag * fg

(;L + Yf) (Zg + zr + zgera)

4 B - 1
YfZg (1 4+ erL) zZ, (YL + Yf) 1 + ZgYa)




e

C =~Zr(l + Z?Ya) €1 + ZrYL) (91) .

7 % .
= - 1~ -
Cg = 2, (¥-Y,) g Z,Y,) t_YfZg -z (92)
Cy = Yf(1@+ Yazg + YfZg) . (93)
e
¢10= ~erL(Zg + zr + ZngYa) a (24)

-

The generalized design criteria are now considered for three
special cases where various combinations of Zr’ z , Ya’ and Yf are
equal to zero. B

.
.

2.3 Special Cases -

. T h? —
Case 1I: ] (Zr’ {a’ {f = 0) =

(A+Y, r ) [Z (8. 46 ), + T e e °
ce g M e

L ce gb'e c .

bb'(ee—eb)] + Zg r

. ) ) )
+ (v + rb'el (YLGM T t® Yy =0 (95)

bb'

st

Case II: Y .vy.=0y .,

.

IS
=

6 - (el
( e Qb) (CB+C2 rce) @

4

6, 16 P 4C!ors
€ 1( wtde? (O +04 Feo) + Ty

) ] 1 L
cgb'e rce Cl it (rbb'+ rb‘e) (CZ 9M rce + CBQe)J *

+ 0

-

H
] ! ]
+gb'e {fcs + C7 gce) (Qb rbb' + Qe rb'e) + QCCS (rbb'+rb'e?

&

=0 {86)

L




= - )
1 (1 + ZrYL) (Zg + Zr' (9'2)

.

r *
. .
5 i . L g - 9 v 7 - /" Y4
. €m {( Mt ) (GG )+ ppr (e 7 &) (Cg + Gy r )
'9 ” = ” ” .
* ccl €ote Tce * (I;bb" * b'e) (02 _QM Tece * CB ee)
’ + f (¢l + ¢’ r ).(6 r +0 r )
(. . gb"e \ 5 6 ce b bbf e ble ’

]
el

+ 0 (r +r )’ r + ¢’ + €
e 8

¢ bb! bt 9 “bb! 9 pre € 108) -

]
" . * ) }
Cp == (¥ +¥.) A+ Zg YV, + zng) . (107) |
s %
-(L + zgYa + zng) " (108) |
21




Chi= — Zg(YL + Yi) .

@}

11
o
N
@

5 g
" & . ’
) Cé = Yfég(YL + Yi)
Ia
Cg = Yfzg

“ o . ) |
Cy = Yf(l + Zg +Y o+ Zng)

By utilizing the temperature coefficients

e = 2, T 3
3 3/T : :
. e = 3.2/T" = . .
e .
QM @: “"l/T L )
- 90 = ~0,5/T &

k]
»

which Eschelman has shown (rgf 1} closely approximates the measured

temperature variation of the equivglent circuit parameters for an

alloy«juncticn—txpe transistor, along with the assumption that

¥ >4 > . b and € ~ O, the special gase desigh criteria
ce ¥ bie > gb" ¢ c T P g

aré further reduced to:

.

Case I: *

*

‘Case I1:

Ze =55 " L,

ggse II1:

(109)
(110)
(111)
(112)

(113)

(114)
(115)
(116)

(117)

(118)

(119)




3. EXPERIMENTAL VERTFICATION

=

To establish the validity of the developed design criteria, ard
experiment was performed to determine the voltage~gain stability over
wide temperature ranges for various degrees of mismatch relative to
the design criteria.

3.1 Method | .

Employing the monitoring techniques and environﬁental controls
as indicated in figure 5, the voltage gain was measured for the transis-
torized amplifier circuit shown in figure 6 (special case I1I), from
=50°C to 90°C and at frequencies of 10,.100, and 500 k&, Prior to any
measurement of the voltage gain, a minimum of 30 min was allowed for

® temperature stabilization of the transistor Junction once the desired
environmental temperature had been reached.

. To ascertain the effect of mismatch, Z was varied to discrete
values of 200, 1000, and 488 ohms, the latter be%ng determined from
the design criteria equation (120) for the 2N384-type transistor as
the test specimen (Appendix A).

To check independence of load, Z values of 2000 and 5000 ohms

were used with a Zg of 488 ohms, k ¥
' 3.2 Results
% ¥ Figure 7 illustrates the average voltage-gain variations

measured for ten 2N384 transistors as a function of temperature at a
) signal frequency of 100 kc for various values of Z” and Z_. The results
4 obtaingd for the signal frequencies of 10 and 500 %c were almost identi-
¢ Gal with those in figure 7. The small differences could be attributed
to experimental error in measurement, thereby validating the assumption
made earlier that reactive effects could be neglected over the frequency
a band of 10_to 500 ke for this transistor.
It should be noted that the gain variations, shown in figure 7,
,have been normalized and hence are independent of system gain.. The .
» ., average voltage gain for each % and ZL combination, of the ten 2N384'sg
measured, is shown in Figure 8,
3.3 Discussion
* The apparent discrepancy that optimum stabilization was
achieved with a Z value of 200 ohms instead of the calculated value of
488 ohms (fig. 7)gpossibly resulted from using the manufacturer's data-
sheet values of bt LN and g, instead of values actually measured

-
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for each transistor, coupled with temperature coefficients not specifi-
cally evaluated for this transistor type. This could also explain the
slight effect of load (Z_ ) on the gain variation, since the load was
varied with respect to a Z of 488 ohms, which would not have been the
matched condition had accu%ately measured parameters and temperature
coefficients for the 2N384 been used.

From the experimental results, it is clearly evident that
considerable improvement in the stabilization of gain as a function of
temperature can be obtained as the magnitude of Z_ approaches the value
specified by the design criteria. However, for this improvement in
gain stabiliity some reduction in the overall gain of the system may
result. The amount of gain reduction will be dependent upon the ratio
of Z to the input impedance of the transistor (le) as seen in figure 8.
Gene%ally, the smaller Z is with respect to Z1 ,°  the higher the overall
gain will be for a given~input signal. This w111 necessitate a compro-—
mise value for Z, in a multistage system, since Z, will influence the

g
effective load of the preceding stage. °

4, CONCLUSIONS i
Considerable improvement in gain 'stability over wide temperature
ranges can be cbtained with the utilization of the design relation-
ship developed in this investigation. The degree of optimization de-
pends upon the accuracy with which the parameters and temperature
coefficients for a particular transistor have been determined, the
simplifyifg approximations, and the amount of gain loss allowed.
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APPENDIX_A

3

Calculation of Zg for special case III
Transistor Type -~ 2N384
Transistor parameter

a2 50
rbb' 50 ohms

r, ., =~ 1040 chms
b'e

g, =~ 50 x 10_’3 mhos

f ~ 100 m
N c/s

Circuit parameters

Zf = 27 x 103 ohms

{120)
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